ABSTRACT: Striped bass Morone saxatilis were studied in order to characterize their immune responses over the short term following challenge with Mycobacterium marinum. The expression of immunity-related genes quickly increased following infection with M. marinum, but these genes were subsequently down-regulated despite the fact that bacterial counts remained high. The number of monocytes and neutrophils also initially increased at 1 d postinfection. This confirms the importance of these types of cells in initial inflammation and mycobacterial infection in striped bass. The phagocytic index of splenic leukocytes over these same time frames did not change significantly following infection. The discrete window in which inflammatory mechanisms were stimulated in striped bass may be related to the intracellular nature of this pathogen.
INTRODUCTION
Striped bass Morone saxatilis are naturally susceptible to mycobacteriosis caused by Mycobacterium spp. (Hecker et al. 2001 , Gauthier & Rhodes 2009 , Jacobs et al. 2009b . Recently, several surveys have shown that striped bass exhibit a high prevalence (> 50%) of age-and sex-dependent mycobacteriosis in the Chesapeake Bay (Vogelbein et al. 1999 , Cardinal 2001 , Overton et al. 2003 . The prevalence of mycobacteriosis in striped bass from the Chesapeake Bay appears to increase from age 1 to 5 yr old, and above these ages is maintained at higher prevalency in males as compared to females (Gauthier & Rhodes 2009 ). Due to the chronic, progressive nature of the disease, mortality is of great concern and a commonly observed endpoint in aquaculture (Nigrelli & Vogel 1963 , Hedrick et al. 1987 , Bruno et al. 1998 , Gauthier et al. 2008 .
Mycobacterium marinum is an important fish pathogen that was first identified by Aronson (1926) . It causes chronic and systemic disease with granulomatous lesions, similar to human tuberculosis. It can affect all organs, but granulomas are observed mainly in spleen, kidney and liver tissue (Nigrelli & Vogel 1963) . This fish pathogen has been used as a model for tuber-culosis in humans due to its relatively fast growth (~4 h generation time) and its genetic similarity to M. tuberculosis (Tonjum et al. 1998 , Cosma et al. 2003 . Several aquatic animal models have been used in the past to study immune responses to infection with M. marinum, including goldfish Carassius auratus, zebrafish Danio rerio, leopard frog Rana pipiens and medaka Oryzias latipes (Ramakrishnan et al. 1997 , Talaat et al. 1998 , Decostere et al. 2004 , Broussard & Ennis 2007 .
Due to the chronic nature of disease caused by Mycobacterium marinum, previous studies have concentrated on host responses over the long term, looking at the formation and persistence of granulomas in host organs. Only the work of Burge et al. (2004) and Harms et al. (2003) have addressed the early-phase response, and in those cases only in vitro. Here, we investigate the initiation of immune responses in the striped bass Morone saxatilis to an in vivo challenge from M. marinum using markers for inflammation , tumor necrosis factor-α [INF-α] , transforming growth factor-β [IGF-β] expression) and bacterial killing mechanisms (natural resistance-associated macrophage protein [Nramp] expression, phagocytic index).
MATERIALS AND METHODS
Experimental fish and maintenance. One-year-old striped bass Morone saxatilis, Choptank River, Maryland strain, were obtained from Delmarva Aquatics. These fish were transported to the Cooperative Oxford Laboratory (COL) to allow for fish and system acclimation. A total of 100 fish (mean weight = 50 ± 5 g) were randomly stocked in sixteen 568 l circular tanks at 12 to 13 fish per tank and allowed to acclimatize for 1 mo. Experimental conditions were set as: photoperiod 12h light: 12 h dark, pH 8.2, salinity 10 ppt, temperature 21°C. Water quality (dO, NH 3 , NH 4 , NO 2 ) remained in a healthy range for the species (Harrell et al. 1990) through daily monitoring of all systems and water exchange (10% volume wk -1 ). Mycobacterium marinum isolate and inoculation. The M. marinum isolate (FL03-23) was passed through six 30 g striped bass once, and re-isolated from spleen homogenates, before the initiation of the experiments. The inoculation procedures used were identical to those employed by Jacobs et al. (2009a) . All fish were removed from their tanks, anesthetized in MS-222, weighed and measured before inoculation. Fish were inoculated intraperitoneally (i.p.) with 100 µl of either di luted M. marinum suspension (treatment) or sterile Butterfield's phosphate-buffered saline (BPBS) (control).
Tissue sampling. Fish (n = 8 in each group) were sacrificed prior to infection (time 0) and at 1, 3, 7 and 14 d post-infection (dpi). Head kidney was collected for RNA analysis, preserved in RNAlater™ (Ambion) and frozen at -80°C; spleen was taken for phagocytosis assay (fluorescein isothiocyanate [FITC] yeast) and bacterial counts. Spleens for bacterial counts were collected in sterile whirl packs and stored at -20°C, whereas spleens for phagocytosis assay were used fresh. Blood was also extracted for leukocyte counts at each sampling point.
Bacterial count. Prior to plating, each spleen portion was weighed and homogenized inside a whirl pack using a pestle. Spleen slurries were further homogenized in 2 ml phosphate-buffered saline solution (PBS) by placing the whirl packs inside a stomacher for 2 min. Spleen homogenate (200 µl) was plated onto Middlebrook agar plates without dilution and allowed to grow at ambient temperature for 2 to 4 wk before counting the number of colony-forming units (CFU). Each spleen sample was plated in duplicate, and average values for duplicate plates were used for analysis.
RNA extraction. RNA was extracted from fish tissues using TRIzol ® LS Reagent (Invitrogen) according to the manufacturer's instructions, with the following exceptions. Kidney, spleen and liver tissue were immediately added to TRIzol ® LS Reagent (0.75 ml) and macerated manually with a micro-tube pestle. The RNA pellet isolated using this procedure was dissolved in 40 µl molecular biology grade water (MBGW, Sigma-Aldrich) before storage at -80°C. Total RNA concentration was measured using the NanoDrop-1000 Spectrophotometer (v3.2.1, Thermo Scientific). The RNA extracted was then reverse transcribed to obtain cDNA using Superscript III reverse transcriptase and RNAse OUT following the manufacturer's protocol (Invitrogen). The reverse transcription (RT) reaction was performed in a 20 µl mixture containing 1.5 µg of total mRNA, 2 µl of RT enzyme mix (dNTPs, MgCl, random hexamers and oligo dTs) and 10 µl of RT reaction mix.
Quantitative real-time PCR (qPCR). qPCR was performed on a subset of 4 genes, including important cytokine genes (Table 1) . Primers for qPCR were constructed using Primer3 software (Table 1) . qPCR assays were performed using an Eppendorf Mastercycler ep realplex 2.0 and SYBR Green kits (Invitrogen). The SYBR Green mastermix kit was used as recommended by the manufacturer with the following exceptions. The primers used are identified above. SYBR Green (25 µl) was added to template cDNA (2 µl), ROX (1 µl), MBGW water (20 µl) and 10 µM of forward and reverse primers (2 µl) giving a total volume of 50 µl prior to dividing into separate wells for duplication of readings. The threshold cycling (C T ) conditions were as follows: denaturation 10 min at 95°C, then 40 cycles of 15 s at 95°C and 30 s at 58°C and finally a temperature increase from 60 to 95°C for the melting curve step. The ΔC T method (ΔC T = C T of the target gene -C T of the housekeeping gene) was used for each fish. Finally, the fold change relative to time 0 was calculated using the 2 -ΔΔC T method (Livak & Schmittgen 2001) .
EF-1α was chosen as the housekeeping gene for the present study on the basis of previous work in striped bass Morone saxatilis and other species (Fast et al. 2007 , M. D. Fast pers. obs.) and it showed no significant change in its expression, regardless of treatment or sampling time (mean C T values for EF-1α were 23 to 24 for all fish over the course of the experiment). The use of the 2 -ΔΔC T method herein was also valid due to efficiencies for target genes and housekeeping genes being maintained within the 'gold standard range' of 10% of one another (all efficiencies fell within the range 96 to 102%).
Differential leukocyte population determination.
Blood smear slides were made from each of 5 fish (control and treatment) at each sampling time. Smears were allowed to dry at room temperature for 1 to 2 h prior to fixation and staining; we used a Wright's Giemsa (WG) staining method. A total of 200 leukocytes were counted on each slide to determine the differential leukocyte percentages using a Nikon ECLIPSE E200 light microscope under oil immersion at 1000× magnification.
Phagocytosis assay. Following retrieval, each spleen portion was placed immediately in cRPMI (RPMI solution with phenol red and L-glutamine supplemented with 10% fetal bovine serum, 1% EDTA, and 100 nU penicillin and streptomycin) and held on ice. Leukocytes were isolated on the same day of extraction by teasing the spleen portions through a 100 µl nylon mesh strainer. Following centrifugation at 400 × g at 4°C for 5 min, the cell pellet was resuspended in 5 ml cRPMI. Macrophages (90.1% confirmed through WG and microscopy) were isolated by layering the cell suspension over a 40 and 51% Percoll gradient (Polonio et al. 2000) . Cell counts and cell viability were calculated using a hemocytometer and trypan blue staining. Each cell suspension was adjusted to 1 × 10 7 cells ml -1 . The phagocytosis assay was performed using a 96-well plate format; 100 µl of each cell suspension (1 × 10 6 cells) were plated in triplicate on 96-well tissueculture plates. FITC-labeled yeast (100 µl) was added to each well together with an additional 25 µl of cRPMI. The plates were incubated for 2 h at 27°C under 5% CO 2 . Following incubation, 25 µl of ice-cold 0.4% trypan blue were added to each well in order to quench extracellular fluorescence. Absorbance was then read at 495 nm. In order to quantify the amount of Statistical analysis. Statistical analyses were performed using SigmaStat for Windows Version 3.0 (SPSS). All values shown are means of individuals for each sampling time ± SEM. The statistical significance of differences in gene expression was assessed on expression changes relative to housekeeping gene expression, and gene expression of saline-injected control using 1-way ANOVA followed by the Tukey test. A value of p < 0.05 was considered significant.
RESULTS
Bacterial counts were assessed from the spleens of striped bass Morone saxatilis injected with Mycobacterium marinum over a period of 14 d. Counts in the spleens of the treatment group began to increase at 3 dpi and had the highest density at 14 dpi, while no bacteria were observed in controls throughout the experiment (Fig. 1) .
Expression of IL-1β did not differ between the control and treatment groups at 1 dpi. At 3 and 7 dpi, however, expression in head kidneys of infected fish was significantly higher (p < 0.01) when compared to control fish (Fig. 2) . After 7 dpi, a dramatic change in head kidney IL-1β expression in infected fish was observed by 14 dpi, with significantly lower expression (p < 0.01) when compared to expression in control fish. Expression of TNF-α, similar to IL-1β, was where R is the relative expression of the gene of interest, C T is the cycle threshold, and ΔC T is the difference in the C T value of the gene of interest when compared with EF-1 (reference gene) after normalization significantly higher (p < 0.05) in head kidneys of infected fish when compared to controls at 3 and 7 dpi, before returning to control levels at 14 dpi (Fig. 3) . However, the level of expression in head kidneys of infected fish at 3 dpi was similar to that seen at time 0 (in the uninjected control). In contrast to IL-1β and TNF-α, Nramp and TGF-β expression were up-regulated at 1 dpi; however, the expression was not significantly higher when compared to salineinjected controls (Figs. 4 & 5) . Nramp and TGF-β both showed significantly elevated expression (p < 0.05) in infected fish head kidneys at 3 and 7 dpi when compared to controls. The increased expression of Nramp and TGF-β in infected fish, similar to IL-1β and TNF-α, was gone by 14 dpi. Leukocyte populations in the blood also exhibited changes over the course of the experiment. In fish injected with Mycobacterium marinum, the number of monocytes and neutrophils initially increased at 1 dpi (Fig. 6a) . The percentage of leukocytes made up of monocytes was highest at 1 dpi, while neutrophils were highest at 3 dpi. At 7 dpi, the increased proportion of these cells in the blood disappeared. In PBSinjected controls, a small increase in neutrophils was observed at 3 dpi; however, no obvious changes in cell distribution were found on other days (Fig. 6b) .
Despite changes in leukocyte populations in the blood, and inflammatory gene expression in the kidney, little changed in the phagocytic index of splenic leukocytes of striped bass Morone saxatilis (Fig. 7) . 
DISCUSSION
Infection with Mycobacterium marinum results in acute or chronic disease, depending on the dose of inoculum. Injection of 10 8 and 10 9 CFU g -1 body weight (BW) has been shown to induce acute disease, whereas injection of 10 2 and 10 7 CFU g -1 BW has caused chronic disease in goldfish Carassius auratus (BW = 30 g) (Talaat et al. 1998 ). Injection of 10 4 CFU g -1 BW showed chronic granulomatous inflammation with low mortality in previous work on sea bass (Colorni et al. 1998 ) and striped bass (Gauthier et al. 2003 , Jacobs et al. 2009a . Striped bass Morone saxatilis experimentally infected with M. marinum showed large granulomas and progressive inflammation as early as 2 wk post-injection in liver, kidney and the visceral cavity (Gauthier et al. 2003) . In the present study, striped bass were injected i.p. with a dose of ~5.8 × 10 4 CFU g -1 BW of M. marinum to produce chronic disease, and we investigated the immune response within 2 wk of infection in order to study the early immune response to chronic myco bacteriosis.
During challenge with Mycobacterium, host production of cytokines is essential to control mycobacterial proliferation; this results in granuloma formation. In particular, a number of studies have reported that the cytokines IL-1β and TNF-α are associated with the direction of granuloma formation, persistence of granulomas and control of mycobacterial infection in mammals (Kindler et al. 1989 , Rook 1994 , Law et al. 1996 , Orme & Cooper 1999 , Juffermans et al. 2000 , Yamada et al. 2000 , Birkness et al. 2007 ). Inactivation of IL-1α and -β genes in double-knockout mice resulted in poor granuloma formation, and enhanced growth of mycobacteria following infection (Juffermans et al. 2000) . Similarly, inactivated TNF-α has caused granuloma disruption with bacterial growth (Jacobs et al. 2007 ), while excess TNF-α has induced hyperinflammation with subsequent necrosis (Bekker et al. 2000 , Ehlers et al. 2001 .
In our study, infection with Mycobacterium marinum caused significant and rapid up-regulation of inflammatory genes in the head kidneys of striped bass Morone saxatilis. IL-1β and TNF-α were up-regulated at 3 and 7 dpi, but then returned to normal levels by 14 dpi. The enhanced production of cytokines may be a direct response to the increase in systemic bacteria (i.e. if we use bacterial counts in spleen as a marker). It is likely that the migration of monocytes to infected tissues (1 and 3 dpi) was initiated by chemotaxis, and the observed changes in gene expression in the kidney may be a measure of increased neutrophil and monocyte populations in the blood stream and, later on, extravasation into these tissues.
Nramp has been shown to be associated with resistance to intracellular pathogens, including Mycobacterium spp. (Vidal et al. 1993) . Burge et al (2004) showed Nramp expression in Chesapeake Bay striped bass (200 g) in anterior kidney and peritoneal exudate (PE) cells, following exposure to mycobacteria. In that work, striped bass received ~5000 CFU g -1 of M. marinum or M. shottsii (i.p.) to initiate a chronic infection. In anterior kidney, no significant expression of Nramp was observed until 15 d after injection, when compared to controls. At 15 d after injection, Nramp was greatly elevated in fish injected with M. marinum, but was not seen in fish injected with M. shottsii. On the other hand, Nramp was significantly induced in PE cells at 1 d after injection with M. marinum or M. shottsii when compared to controls. The authors associated rapid expression of Nramp with a higher proportion of macrophages in PE cells compared to anterior kidney, and late increases of Nramp expression in anterior kidney with trafficking of mycobacteria by PE cells. In the present study, Nramp expression of Chesapeake Bay striped bass Morone saxatilis (50 ± 5 g) was significantly up-regulated by 3 dpi, and declined to the control level at 14 dpi. In contrast to a previous study by Burge et al (2004) , quick expression of Nramp was observed in head kidney. The difference may be caused by the different doses and/or strains of M. marinum, or size of striped bass (200 vs. 50 g in the present study). The early production of Nramp again may be produced by the increased number of monocytes/ macrophages (1 to 3 dpi). However, the increase in bacterial counts in the spleen correspond to the downregulation of Nramp by 7 dpi. Although these changes are occurring in separate tissues, both tissues filter blood quickly and may involve related mechanisms whereby Nramp down-regulation allows enhanced survival and replication of M. marinum. In contrast to IL-1β and TNF-α, TGF-β is often considered an anti-inflammatory cytokine resulting in macrophage deactivation and suppressive immunoregulation. Under physiological conditions, however, there appears to be a balance between pro-inflammatory and suppressive immuno regulation (McCartneyFrancis & Wahl 1994) . Furthermore, over-or underexpression of TGF-β can lead to the development of pathology through the disruption of host defense mechanisms (McCartney-Francis & Wahl 1994) . Harms et al. (2003) showed that high levels of TGF-β mRNA expression in splenic mononuclear cells were exhibited by mycobacteria-challenged striped bass. However, the function of TGF-β in fishes is not as well known. In this study, IL-1β and TNF-α reached maximum expression after TGF-β was down-regulated (7 dpi). While all 3 cytokines studied here exhibited significantly elevated expression at 3 dpi, maximum expression of the pro-inflammatory genes (IL-1β and TNF-α) may have lagged due to crosstalk with TGF-β and its anti-inflammatory affects.
As pro-inflammatory mediators IL-1β and TNF-α were significantly elevated in this study, it is no surprise that changes to leukocyte populations were also observed. However, although neutrophils are normally considered to be the 'first responders' to infection, it is surprising that the highest neutrophil percentages in the blood were observed at 3 dpi, and monocytes at 1 dpi. It is possible that neutrophils migrate to sites of infection quickly, within 24 h, considering the results of previous work, where cytokine expression was quickly and highly induced by lipopolysaccharides (LPS)/Freund's complete adjuvant-stimulation by 6 h in striped bass (M. D. Fast pers. obs.). Otherwise, initial ele vation in monocytes may be indicative of their ability to differentiate between pathogenic and non-pathogenic mycobacteria (El-Etr et al. 2001) . Martins et al. (2009) showed that increased numbers of white blood cells and lymphocytes were followed by a decreased number of monocytes at 24 h postinjection with Enterococcus spp. in Nile tilapia Oreochromis niloticus. However, no changes in the neutrophil and monocyte counts were observed in Nile tilapia following infection with Myco bacterium marinum (Ranzani-Paiva et al. 2004 ). Again, there may be species-, age-and/or inoculation-specific differences between these studies.
Phagocytosis was not observed to change significantly between infected and control fish. Dautremepuits et al. (2006) likewise did not find significant differences in phagocytosis or respiratory burst in brook trout Salvelinus fontinalis infected with another intracellular pathogen, Aeromonas salmonicida. The authors suggested that the lack of response may be due to the pathogen's ability to prevent the release of reactive oxygen species (ROS) by macrophages. In order to survive within macrophages, intracellular bacteria employ numerous mechanisms, such as: prevention of lysosomal fusion with the phagosome, and the prevention of phagolysomal acidification; moreover, in the case of Mycobacterium spp., cell wall composition can prevent permeation of cells. These intracellular survival strategies may therefore make phagocytosis measurement a less than indicative measure of host resistance and ability to kill Mycobacterium spp.
In summary, Mycobacterium marinum injected into striped bass Morone saxatilis led to an increased expression of inflammatory cytokines in the head kidney early on, with fluctuating leukocyte populations in the blood. However, this inflammatory response was either ineffective or the limited time it occurred resulted in ineffective elimination of M. marinum as bacterial cell counts did not peak until inflammatory responses had decreased. As expected, M. marinum was able to survive and replicate regardless of phagocytic activity in striped bass. 
